11␤-hydroxysteroid dehydrogenase type 1 (11␤-HSD-1) converts inactive corticosteroids into biologically active corticosteroids, thereby regulating the local concentration of active glucocorticoids, such as cortisol. 11␤-HSD-1 is particularly expressed in adipocytes and liver and appears to be causally linked to the development of type 2 diabetes and the metabolic syndrome. Liver X receptor (LXR)-␣ and -␤ are nuclear oxysterol receptors whose key role in lipid metabolic regulation has recently been established. In this study, we show that treatment of adipocytes derived from 3T3-L1 cells and mouse embryonic fibroblasts in vitro with synthetic or natural LXR agonists decreases mRNA expression of 11␤-HSD-1 by ϳ50%, paralleled by a significant decline in 11␤-HSD-1 enzyme activity. Downregulation of 11␤-HSD-1 mRNA by LXRs started after a lag period of 8 h and required ongoing protein synthesis. Moreover, longterm per os treatment with a synthetic LXR agonist downregulated 11␤-HSD-1 mRNA levels by ϳ50% in brown adipose tissue and liver of wild-type but not of LXR␣ ؊/؊ ␤ ؊/؊ mice and was paralleled by downregulation of hepatic PEPCK expression. In conclusion, LXR ligands could mediate beneficial metabolic effects in insulin resistance syndromes including type 2 diabetes by interfering with peripheral glucocorticoid activation.
T ype 2 diabetes and other disturbances summarized as the metabolic syndrome are based on a reduced sensitivity to insulin, which is provoked by visceral obesity (1, 2) . Glucocorticoid excess elicits visceral obesity and the metabolic syndrome, but circulating glucocorticoid levels are normal in prevalent forms of obesity (2, 3) . However, glucocorticoid action in target tissues, such as white adipose tissue (WAT) does not necessarily depend on circulating glucocorticoid levels but rather on their local concentrations. Though cortisol and cortisone circulate in similar concentrations in human serum, the largest fraction of cortisol is bound to serum proteins, leaving only a small fraction biologically active. In contrast, inactive forms of glucocorticoids (cortisone, 11-dehydrocorticosterone) circulate as unbound prehormones, are readily taken up by cells, and are activated by keto-reduction to a hydroxyl group at the 11␤ position (cortisol in humans, corticosterone in rodents) in a tissuespecific manner. This reaction is catalyzed by 11␤-hydroxysteroid dehydrogenase type 1 (11␤-HSD-1), which is abundantly expressed in liver and adipose tissue with higher levels in visceral than in subcutaneous adipose tissue (4). Thus, 11␤-HSD-1 regulates local glucocorticoid concentrations in major insulin target tissues.
Obesity is associated with elevated levels of 11␤-HSD-1 in visceral adipose tissue of rodents and humans (4, 5) . The pathophysiological consequences of such elevated 11␤-HSD-1 expression was recently demonstrated in mice selectively overexpressing 11␤-HSD-1 in adipose tissue (6) . These mice exhibit increased concentrations of corticosterone in adipose tissue and develop visceral obesity that is exaggerated by a high-fat diet. Concomitantly, these mice develop an insulin resistance syndrome including diabetes and hyperlipidemia, strikingly resembling the metabolic syndrome in humans. Interestingly, mesenterial adipose tissue has a particularly high content of glucocorticoid receptor ␣, which could predispose this tissue to be affected by high local concentrations of active glucocorticoids, as produced by 11␤-HSD-1 (7). In contrast, mice with targeted deletion of 11␤-HSD-1 are resistant to obesity-and stress-induced hyperglycemia and show attenuated hepatic upregulation of gluconeogenic enzymes on starvation (8) . Moreover, 11␤-HSD-1 Ϫ/Ϫ mice exhibit an antiatherogenic lipid profile with elevated levels of HDL cholesterol together with an improved glucose tolerance and lower glucose levels after refeeding, pointing to an enhanced hepatic insulin sensitivity (9) . Accordingly, pharmacological inhibition of 11␤-HSD activity by carbenoxolone improved insulin sensitivity in humans (10) . Thus, 11␤-HSD-1 appears to play a pivotal role in the development of insulin resistance syndromes, such as type 2 diabetes and associated lipid disorders. Consequently, downregulation of 11␤-HSD-1 expression could be a cornerstone for a causal therapy of these highly prevalent disorders.
11␤-HSD-1 is highly upregulated during adipocyte differentiation in parallel with a large variety of other genes (11, 12) . Among them, expression of nuclear oxysterol receptor liver X receptor (LXR) ␣ is initiated during adipogenesis (13) . In adipose tissue and other metabolically active tissues including liver, LXR␣ is highly expressed and predominant over its more ubiquitously expressed paralogue LXR␤ (14) . LXRs belong to the nuclear receptor superfamily of ligand-activated transcription factors with distinct oxysterols as identified endogenous activators (15, 16) . LXRs have recently been found to be directly implicated in regulation of bile acid synthesis and metabolism (17, 18) , macrophage cholesterol efflux (19 -22) , and lipid metabolism (23) (24) (25) . In addition, certain actions of insulin on expression of metabolic genes are mediated by LXRs indirectly via yet unknown mechanisms (26) . However, a role of LXRs in endocrine regulation has not yet been discovered.
Here, we show that LXRs downregulate 11␤-HSD-1 expression and activity in adipocytes and liver in vitro and in vivo. Thus, in addition to proposed direct effects on cholesterol and lipid metabolism, selective LXR agonists could have beneficial effects on insulin sensitivity by reducing local glucocorticoid activation through 11␤-HSD-1 in insulin-responsive tissues.
RESEARCH DESIGN AND METHODS
Cell culture, adipocyte differentiation, and in vitro drug treatment.
3T3-L1 preadipocytes were purchased from American Type Culture Collection (Rockville, MD) and propagated in Dulbecco's modified Eagles medium (DMEM) containing 4.5 g/l glucose, supplemented with 10% bovine calf serum, penicillin/streptomycin (50 units/ml and 50 g/ml, respectively), and 2 mmol/l glutamine (all from Invitrogen, Carlsbad, CA) at 37°C in humidified atmosphere in presence of 5% CO 2 . Two-day postconfluent 3T3-L1 cells were differentiated into adipocytes in six-well plates (Corning-Costar, Bodenheim, Germany) by treatment for 2 days with 0.5 mol/l dexamethasone, 200 mol/l 3-isobutyl-1-methylxanthine (both from Sigma), and 1 g/ml insulin (Roche, Mannheim, Germany) in 3T3-L1 differentiation medium (DMEM supplemented with 10% fetal bovine serum [FBS; Invitrogen], antibiotics, and glutamine) (according to ref. 27 , with minor modifications). Differentiation was completed by incubation with 1 g/ml insulin for additional 3 days in 3T3-L1 differentiation medium. More than 95% of cells were transformed into adipocytes, as evaluated by the detection of lipid droplets by phase contrast microscopy and oil-red O staining (not shown), and this population is referred to as "3T3-L1 adipocytes." 3T3-L1 adipocytes were carefully washed twice in DMEM, and medium was changed to either 3T3-L1 differentiation medium or a minimal serum-free differentiation medium (modified from ref. 28) (DMEM/ F12 supplemented with 10 g/ml apo-transferrin and antibiotics) 2 days before the addition of drugs in the same medium. (29), followed by 6 -7 additional days in MEF differentiation medium including only insulin and rosiglitazone. Depending on the cell line used, 40 -95% of cells were finally differentiated into adipocytes, and this proportion did not change by LXR agonist treatment (data not shown). Cells were carefully washed twice, and medium was changed to MEF growth medium for 2 days before drug treatment in the same medium.
Adipocytes were treated for 48 h, unless otherwise indicated, with substances (purchased from Sigma, unless otherwise indicated) added from 1,000-fold stock solutions in the stated solvents as follows: specific LXR agonist T0901317 ( To estimate 11␤-HSD-1 mRNA half-life, adipocytes were pretreated for 16 h with LXR agonist or vehicle, respectively, before adding actinomycin-D (5 g/ml, DMSO) and harvesting cells for RNA on multiple time points up to 72 h. mRNA quantitation. Total RNA from cell culture wells was isolated by Trizol reagent (Invitrogen) according to the manufacturer's instructions. To purify RNA from tissue samples, frozen tissues were homogenized in Trizol followed by centrifugation (13,000 rpm for 10 min at 4°C) to remove insoluble material and floating lipids before RNA isolation. RNA was checked for quality by spectrophotometry at 260/280 nm (ratio always Ͼ1.9) and 1.5% agarose gel electrophoresis (only occasionally for RNA preparations from cultured cells).
A total of 1 g RNA was treated with DNase (amplification grade; Invitrogen) before reverse transcription into cDNA by Superscript II (Invitrogen) using random hexamer priming according to the manufacturer's instructions. Specific mRNA expression was quantitated by Taqman real-time RT-PCR (Applied Biosystems, Foster City, CA). This quantitation method is based on optimal amplification of a short DNA fragment (ϳ100 bp). A 5Ј-dye-3Ј-quencher-labeled oligonucleotide probe attaches to the middle part of the amplicon and is degraded during amplification by the 5Ј-nuclease function of the used Taq polymerase, which releases the dye from its quencher, thereby creating fluorescence. Standard curves or a direct comparative method were used for data analysis as applicable. Primer/probe sequences are given in Table 1 ; the sequence for quantitation of 11␤-HSD-1 was derived from reference 30. The commercially available reaction mixture for 18S (Applied Biosystems) was used as a standard in all experiments. 11␤-Hydroxysteroid dehydrogenase activity assay. 11␤-Hydroxysteroid dehydrogenase activity was determined with minor modifications as described (31) . Briefly, 3T3-L1 adipocytes in six-well plates treated for 2 days with LXR agonist or vehicle were washed twice before adding 15 nmol/l cortisone in the presence of 100,000 cpm [ 3 H]cortisone as tracer (specific activity 3.1 TBq/mmol) in 1 ml prewarmed 3T3-L1 differentiation medium. Cells were incubated for 15 min at 37°C before removing 900 l medium. Conversion to cortisol was determined after the addition of excess unlabeled cortisone and cortisol (5 l of 10 mmol/l solution) and the extraction into ethylacetate, followed by thin layer chromatography ( 
RESULTS
11␤-HSD-1 and LXRs, particularly LXR␣, are highly expressed in adipocytes (14, 34) . Treatment of adipocytes differentiated from 3T3-L1 preadipocytes and mouse embryonic fibroblasts, respectively, with a synthetic LXR agonist (T0901317) (18) considerably downregulated 11␤-HSD-1 mRNA (Fig. 1A) , similar to treatment with a PPAR␥ ligand (rosiglitazone, Fig. 1 ) (33), whereas the PPAR␣ ligand (WY14643) was ineffective. Moreover, 9-cis-retinoic acid, a ligand for the obligate heterodimer partner of these receptors, RXR (35) (but also of the retinoic acid receptor) exhibited an even stronger inhibitory effect. Treatment of differentiated adipocytes from embryonic fibroblasts derived from LXR␣ Ϫ/Ϫ and LXR␤ Ϫ/Ϫ single knockout embryos revealed that each of the LXRs can mediate this effect (data not shown). In contrast to 11␤-HSD-1, mRNA levels of two adipocyte marker genes, adipocyte-specific fatty acid binding protein and glycerol-3-phosphate dehydrogenase, did not change or were enhanced by treatment with the LXR agonist, showing that downregulation of 11␤-HSD-1 mRNA was not due to a nonspecific toxic effect (Fig. 1B) .
The effect of the LXR agonist was concentration-dependent, with an EC 50 of 52 nmol/l (Fig. 2 ) (95% CI 27-102 nmol/l). The concentration is in the specific range of the drug and strikingly conforms to the published EC 50 of ϳ50 nmol/l derived from cell reporter assays (18) . Thus, the LXR agonist most likely provokes 11␤-HSD-1 downregulation in adipocytes by specifically activating LXRs.
To evaluate potential regulation by natural LXR ligands, which are chemically unrelated to the synthetic ligand, 22(R)-hydroxycholesterol and 20(S)-hydroxycholesterol were tested for their effect on 11␤-HSD-1 mRNA levels (Fig. 3) . Both 22(R)-hydroxycholesterol and 20(S)-hydroxycholesterol decreased 11␤-HSD-1 mRNA levels in 3T3-L1 adipocytes, whereas the inactive stereoisomer 22(S)-hydroxycholesterol (16) was ineffective. Thus, endogenous LXR ligands could participate in the regulation of 11␤-HSD-1 gene expression.
A reduction of 11␤-HSD-1 mRNA by treatment with the specific LXR agonist was evident after a lag period of at least 8 h and achieved its maximum after ϳ48 h (Fig. 4) . Therefore, 48 h drug treatment was generally applied. The half-life of 11␤-HSD-1 mRNA was almost identical to that of 18S mRNA (ϳ24 h) in 3T3-L1 adipocytes (data not shown), which could delay the detection of subtle differences during the first hours following treatment initiation. The apparent mRNA half-life was not changed by treatment with the LXR agonist (data not shown), indicating that altered gene expression, but not enhanced mRNA degradation, causes the decrease in 11␤-HSD-1 mRNA level.
On the other hand, the delay in decreasing 11␤-HSD-1 gene expression by LXRs could point to an indirect mechanism. Experiments in presence of cycloheximide revealed that ongoing protein synthesis was required for the effect of LXR agonist on 11␤-HSD-1 mRNA (Fig. 5) . In contrast, upregulation of sterol regulatory element-binding protein (SREBP) 1c mRNA, a known LXR target gene (24), was not inhibited by cycloheximide.
11␤-HSD-1 regulates local glucocorticoid concentrations due to its enzymatic activity. Therefore, we assessed whether LXR not only downregulates 11␤-HSD-1 mRNA expression but also enzymatic activity to convert exogenous cortisone to cortisol. Parallel to its downregulation 
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on the mRNA level, treatment of adipocytes with LXR agonist significantly decreased 11␤-HSD-1 enzymatic activity to 78% of control values after 2 days (Fig. 6) .
To analyze whether downregulation of 11␤-HSD-1 gene expression by LXR also occurs in vivo, we treated wildtype and LXR␣ Ϫ/Ϫ ␤ Ϫ/Ϫ mice, previously generated in our lab (32, 33) , with the synthetic LXR agonist T0901317 or a control diet for 7 days. 11␤-HSD-1 mRNA expression was evaluated in epididymal and brown adipose tissue (BAT) as well as liver (Fig. 7A ) along with the known LXR target gene SREBP-1c (Fig. 7B) . Regulation of SREBP-1c was significantly increased by the treatment in all analyzed tissues of wild-type but not LXR␣ Ϫ/Ϫ ␤ Ϫ/Ϫ animals, revealing that the treatment was sufficient to induce LXR-specific responses (Fig. 7B) . 11␤-HSD-1 gene expression showed large interindividual variation in epididymal adipose tissue, thereby prohibiting detection of regulation in the given number of animals (Fig. 7A) . 11␤-HSD-1 mRNA was decreased to 41 Ϯ 9% in BAT of LXR agonist-treated mice. This decrease was statistically different at P ϭ 0.06 (U test) despite large variation among control mice. Notably, LXR agonist treatment significantly diminished 11␤-HSD-1 mRNA expression in liver to 52 Ϯ 5% of control values (P Ͻ 0.01). Moreover, the specificity of the regulation was underlined by the fact that the LXR agonist did not alter 11␤-HSD-1 gene expression in LXR␣ Ϫ/Ϫ ␤ Ϫ/Ϫ animals in either tissue. Liver PEPCK is a typical glucocorticoidresponsive gene and a key enzyme in gluconeogenesis (36) . In parallel with the decrease in hepatic 11␤-HSD-1 gene expression, PEPCK mRNA expression was markedly decreased in liver to 38% of control values in LXR agonisttreated wild-type but not LXR␣ (Fig. 7C) .
DISCUSSION
11␤-HSD-1 activates circulating inactive 11-oxo corticosteroids, thereby regulating local glucocorticoid concentrations in peripheral tissues, particularly adipose tissue and liver (37) (38) (39) . Here, we show that 11␤-HSD-1 is downregulated by the nuclear oxysterol receptors LXR␣/␤ in adipocytes and liver, suggesting a novel role of these receptors Moreover, an EC 50 equal to that established for LXR-specific effects of the used synthetic ligand (18) and the lack of effect in LXR␣ Ϫ/Ϫ ␤ Ϫ/Ϫ mice underline the specificity of the LXR-mediated downregulation. No significant differences in 11␤-HSD-1 mRNA half-life could be found, emphasizing that the decrease in mRNA levels was due to downregulation of gene transcription. Thus, activation of LXRs by endogenous and synthetic ligands causes downregulation of 11␤-HSD-1 gene expression in vitro and in vivo.
The observed downregulation of adipocyte 11␤-HSD-1 expression was more pronounced than that of 11␤-HSD-1 activity levels (ϳ50 vs. 78%). This difference could be due to disequilibria at the treatment time of 48 h between RNA and protein half-lives. On the other hand, 11␤-HSD-1 activity is also influenced by the availability of NADPH, whose provision is controlled by glucose-6-phosphate dehydrogenase. Because glucose-6-phosphate dehydrogenase is induced by SREBP-1c (40) , it could be speculated that increased expression of SREBP-1c by LXR agonists induces glucose-6-phosphate dehydrogenase, thereby increasing NADPH levels.
11␤-HSD-1 is the first published example showing that LXRs can mediate the downregulation of a specific gene. Except the notion that ongoing protein synthesis is required (Fig. 5) , no information is currently available on the underlying mechanism. The downregulatory effects found with LXR ligands parallel those published previously about adipocytes for PPAR␥ ligands (34) . According to the tissue distribution of PPARs (41) and the known tissue-specific activation of other PPAR response elements (42) , the effect of PPAR␣ agonists to downregulate 11␤-HSD-1 expression appears restricted to liver (43) and did not occur in our experiments with cultured adipocytes (Fig.  1A) . Due to their downregulatory role on 11␤-HSD-1 expression in adipocytes, thereby decreasing production of active glucocorticoids, some of the insulin-sensitizing effects of thiazolidinediones (PPAR␥ agonists) might be mediated by 11␤-HSD-1 (34) . Interestingly, LXR␣, the major LXR in adipose tissue and liver (14) , is a direct target gene of PPAR␥ as well as PPAR␣ (44 -46) . Thus, the effects of PPARs could be mediated by increasing LXR␣ expression, though a delay in downregulation by PPAR␥ compared with LXR activation could not be observed (Fig.  4) . PPAR␥ strongly promotes adipocyte differentiation (47, 48) , and differentiation into adipocytes induces expression of 11␤-HSD-1 in precursor cells (11, 34) . Accordingly, PPAR␥ agonist treatment even increased 11␤-HSD-1 activity in human adipose stromal cells, perhaps by inducing adipogenesis (49) . In contrast, LXRs are not required for adipocyte differentiation, and in vitro treatment of preadipocytes with an LXR agonist increases adipocyte triglyceride content only moderately (H. Nebb, personal communication). Thus, LXR agonist treatment could be particularly useful for the reduction of local glucocorticoid 
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reactivation by diminishing 11␤-HSD-1 expression without negative side effects through worsening obesity.
11␤-HSD-1 expression was found to be downregulated to ϳ50% by long-term LXR agonist treatment in BAT and liver of wild-type but not LXR␣ Ϫ/Ϫ ␤ Ϫ/Ϫ knockout mice (Fig. 7A) . Importantly, already a two-to threefold overexpression of 11␤-HSD-1 in omental adipocytes was sufficient to provoke a phenotype reflecting the human metabolic syndrome, including hyperlipidemia and decreased insulin sensitivity (6) . Accordingly, it can be expected that a decrease in 11␤-HSD-1 expression and activity as observed in our experiments will significantly ameliorate 11␤-HSD-1-mediated effects on metabolism and has the potential to increase insulin sensitivity. Notably, the hepatic decrease of 11␤-HSD-1 expression was associated with a strong downregulation of PEPCK expression. Because PEPCK is a glucocorticoid-responsive gene in liver (36) , the parallel regulation with 11␤-HSD-1 could point to a physiological importance of diminished local glucocorticoid production by LXR-mediated reduction of 11␤-HSD-1. Since PEPCK catalyzes the rate-limiting step in gluconeogenesis, its downregulation by LXR agoinst treatment emphasizes a role of LXRs in regulating hepatic glucose homeostasis with probable beneficial effects of LXR agonists in diabetic patients.
Due to large variation in gene expression, we could not detect LXR-mediated regulation of 11␤-HSD-1 in epididymal WAT, although gene regulation in WAT generally parallels that in BAT, except for a small number of BAT-specific genes such as UCP 1 (50) . However, expression of 11␤-HSD-1 mRNA in epididymal WAT was only half of that in BAT and approximately one-third of that observed in liver of untreated control animals (Fig. 7, legend) . Hence, LXR-driven downregulation appears particularly effective in tissues with high basal amounts of 11␤-HSD-1 mRNA. Nonobese subjects and animals, as those analyzed in this study, express considerably lower levels of 11␤-HSD-1 in visceral adipose tissue compared with obese subjects (4, 5, 51) . It could be speculated that LXR agonists particularly downregulate the high 11␤-HSD-1 expression as it occurs in visceral adipose tissue of obese subjects.
Beyond discovering an involvement of LXRs in regulation of endocrine function, these data indicate that a downregulation of 11␤-HSD-1 expression is feasible by LXR agonist treatment. Of course, the physiological consequences of such a treatment in humans have yet to be explored. Due to the pronounced effect of LXRs on cholesterol efflux, particularly from macrophages (19 -22) , implicating a strong anti-atherogenic effect, such substances are currently developed for clinical application. Though further analyses on the pharmacological effects of such drugs must be awaited, a decrease in 11␤-HSD-1 expression by LXR agonists could have beneficial effects on the metabolic control in patients with type 2 diabetes who are at high risk for developing cardiovascular disease. A and B) , and liver (A-C) as indicated. The mean of control wild-type animals was set to 100%. In control wild-type animals, average relative gene expression levels compared with epididymal WAT were 203% (BAT) and 274% (liver) for 11␤-HSD-1, and 95% (BAT) and 58% (liver) for SREBP-1c, respectively. LXR agonisttreated mice were compared with control animals within the same genotype, and differences are indicated when significant. *P ‫؍‬ 0.06, **P < 0.01, ***P < 0.001.
